Embryology is one of the basic subjects in medical education, to learn the process of human development especially from fertilization to birth. The shape deformation in the development of human embryo is one of the most important point to be comprehended, but it is difficult to illustrate the deformation by texts, 2D drawings, photographs and so on, because it is extremely complicated. The purpose of our research is to construct a 3D model sequence to illustrate the deformation of human embryo, and to make the model sequence into the teaching materials for medical education. Firstly, 3D images of the specimens of human embryo was acquired using MR microscopy. Next, an initial 3D model sequence was manually modified by comparing with the features of the acquired images under the supervision of medical doctors, because the images were influenced not only by the noise or limitation of resolution in MR image acquisition, but also by the variation of shape depending on the difference of subject. Using the constructed 3D model sequence, CG animations and an interactive VRML system were composed as the teaching materials for embryology. These materials were quite helpful to understand the shape deformation compared with the conventional materials.
INTRODUCTION
Embryology is a subject to learn the process of human development especially from fertilization to birth. Important points to be comprehended in embryology are the generation of body parts or organs, and the development of systems like nervous system or cardiovascular system [1] . In learning embryology, medical students are needed to comprehend the process of shape deformation in body surface and internal organs. However, it is quite difficult to illustrate the deformation by texts, 2-dimensional (2D) drawings, photographs and so on, because the shape is extremely complicated and the deformation is drastic. For example, it is very difficult with 2D images or drawings to illustrate the 3D deformation to the parts of face from branchial arches, which are organs generated in the early period of the development of embryo.
There are some examples in TV programs that show the development of human embryo using CG animation by 3D models [2] . They are much easier than 2D materials for comprehension of 3D shape and deformation of embryo, but there is a problem that the models are not accurate enough to use for medical education, but eye-catching.
Another example is an animation from the sequence of 2D photos from specimens of human embryos in different ages [3] . Since the animation is based on actual data, it contains medically accurate characteristics at each frame image. However, the photos have unnecessary information like noise or deficit of information because of the limitation of special resolution, which lead the misunderstandings of students. Besides of it, the specimens for the animation are of different individuals, thus the illustrated deformation describes not only the development but also the change of subjects.
Our purpose is to construct teaching materials for embryology from 3D model sequences of developmental human embryo. In this paper, we will describe the procedure to construct the models based on magnetic resonance microscopy (MRM), and CG animations and a Virtual Reality Markup Language (VRML) system as the teaching materials.
ILLUSTRATION OF THE DEVELOPMENT OF HUMAN EMBRYO

Characteristics of transformation in the development of human embryo
In embryology, the course of the development of human embryo are divided into several periods, based on the distinguishing features of body shape. The developmental periods are called Carnegie Stages (Stages in short) [4] . The development of embryo is expressed as the transition of Stages. The generation of human organs is completed in 8 weeks after fertilization, and the period becomes 23 Stages. 4-8 weeks after fertilization (Stage 13-23) are the most important period to be illustrated because most of the deformations to be learned occur in this period, which is our principal target.
Depending on individuals, the speed of development in each organ is different. For example, when the upper limb of a subject develops faster than another subject, the lower limb might develop slower. Therefore, it is difficult to identify the Stage of an embryo, and the identification must be carried out considering the developments of all the organs.
Roughly speaking, the developmental deformations of body surface can be assumed that the topology of the shape is constantly same as a sphere. Nevertheless, the deformations are quite complicated like that from branchial arches to the parts of face. Compared with them, the deformations of internal organs are much more drastic because of the changes of topology. For example, two vessels bend and fuse to become a heart. During the development, the size of an embryo changes dramatically. Usually, the body length of an embryo is around 5mm in Stage 13, but it becomes 3cm in Stage 23.
Illustration of the development using MRM
MRM is a technique to extract tomography images from tiny objects, and the technique is rapidly established recently [3] [5] . MRM images from the specimens of embryos can accurately display the 3D structures of the specimens, from internal organs to body surfaces.
The illustrated 3D structure by an MRM image from a specimen can be considered as the mixture of standard shape and individual features at the developmental period. The individual features consist of body shape, pose and the development of organs in different speed. As described above, the individual features distort the information of developmental deformation in the acquired image sequence.
The images also include many other influences of fracture of specimens during collections, degradation by ill preservation, noise or distortion in image acquisition. On the other hand, from the limitation of spacial resolution, the precise features of embryo, especially internal organs, cannot be illustrated.
When medical doctors use medical images for diagnostics or researches, the users can separate the information of standard shape from others like individual features or noise, because they already have the knowledge about the structure of embryo. From the same reason, they can cover the deficit of shapes by poor spacial resolution. Compared with this case, medical students do not have the knowledge about embryo, because the purpose of using these images is to gain the knowledge itself. Therefore, the medical students cannot carry out the separation of information in the images by themselves, and it is essential to eliminate the unnecessary features or fill the necessary features of shapes for constructing teaching materials.
Illustration of development using 3D models
The development of embryo can be illustrated using 3D model sequence. When using these models for medical education, the features in the 3D structure of embryo can be illustrated in desired resolution without any noise or other influences of unnecessary information, different from the illustration using MRM images.
A problem of the illustration procedure using 3D models is inaccuracy of the models, because they are constructed from only the knowledge of 3D model designers, without any information from actual embryos. Practically, if a skilled medical doctor supervises the process, the models might be more accurate for medical education. However, the accuracy is limited because it is quite difficult procedure for even a medical doctor to acquire and represent the knowledge of the precise 3D structure.
CONSTRUCTION OF 3D MODEL SEQUENCE OF STANDARD EMBRYO BASED ON MR MICROSCOPY
Outline of the procedure
To illustrate the development of embryo with solving the problem of conventional procedures described in the previous chapter, we have constructed the standardized 3D model sequences of external surface and internal organs, using MRM images of the specimens of embryo and modifying by skilled medical doctors.
The procedure to construct the 3D model sequence of standard body surface has been (1) selecting the specimens of human embryo, (2) acquiring the MRM images from the specimen, (3) extract body surfaces from the MRM images, (4) constructing initial 3D body surface models of the standard shapes of specimens at the corresponding Stages, and (5) modifying the initial 3D models with the extracted body surfaces under the supervision of medical doctors. Each model has been constructed as polygon mesh model. In order to represent only the deformation in the development of embryo, the model sequence has been aligned and normalized in size. The 3D models for internal organs are constructed using only the knowledge of medical doctors, and relocated inside the body surface models. 
Selection of specimens of human embryo
Specimens of human embryo have been selected from the collection in Congenital Anomaly Research Center, Graduate School of Medicine, Kyoto University (Kyoto Collection). The collection consists of multisectional specimens with staining and macro specimens preserved in formalin after fixation by Bouin's solution. We have used the latter ones.
Total number of the specimens is as much as 40,000. Figure 1(a) shows an example of the specimens.
For the purpose of using specimens to construct teaching materials, especially for introduction level, the desirable conditions are the absence of the influences of congenital anomalies to body shapes, and the completeness of whole-body shapes. However, there are only a few case that an acquired specimen do not have such kind of problems, because the embryos stop growing by congenital anomalies or by accidents which damage the bodies. From the reason, we can pick up the specimens of all the desired Stages with good conditions, only when we have such the huge collection. We have selected one specimen for each of Stage 13-23 to construct the 3D model sequence.
Acquisition of MRM images
3D images for selected specimens have been acquired by MRM The MRM equipment has been with 1.0T permanent magnet, and the images have been T1-weighted [6] . Spacial resolution has been from 50 m 3 to 250 m 3 depending on the size of the specimens to be measured, and the number of voxels has been consistently 128 3 .
MRM images have been acquired from the specimens in test tubes filled with formalin. The diameters of the test tubes have been selected as similar as the size of specimens, to avoid the movement of specimens during image acquisition. Nevertheless, the specimens in the test tubes have not been fixed tightly, because the tight fixation might have damaged the specimens. After the image acquisition, the images has been aligned by 3D translation and rotation.
Figure 1(b) shows an example of the images (a slice along sagittal plane). Outline of the body surface and internal organs can be seen, showing the usefulness of the images for capturing the 3D structures of specimens. Meanwhile, precise structure of internal organs is difficult to observe, because of the limitation of the spacial resolution. For example, thin structures like blood vessel or intestine cannot be observed because the diameters are smaller than the resolution.
Extraction of body surfaces of specimens
The body surfaces has been extracted as isosurfaces of the MRM images from the specimens. The surfaces has been described as 3D polygon meshes. The isosurfaces has been extracted using threshold values depending on the specimens, after noise reduction by 3D image smoothing.
Figure 1(c) shows an example. Outline of the 3D body surface can be seen, but small parts like fingers can hardly be distinguished because of the limitation of spacial resolution. Similarly, the borders between adjacent body parts cannot be seen, like a thorax and an upper limb contacting from each other.
Construction of initial models of body surfaces
Initial 3D body surface models of the standard shapes of specimens at the corresponding Stages has been constructed as 3D polygon meshes. The initial models describe all the organs or body parts of necessity for teaching, but sizes, layout and precise shapes of them are modified at the following procedure. Figure 1(d) shows an example of the models.
Modification of initial body surface models
Final 3D models of body surfaces has been constructed by modifying the initial models, based on the comparison with the extracted body surfaces of specimens and the knowledge of medical doctors. By using the body surfaces of specimens, the final models can be accurate reflecting the shape of actual embryos. Also, by introducing the knowledge of medical doctors, the influences of individual features or noises can be eliminated from the final models, and unobserved features can be covered. Consequently, the final models can describe the standard 3D shapes of embryos.
Not only the shapes and layout for each of the organs or body parts, but also the relation among the parts, like body proportion for each Stage, are important to construct the models. The modification of the models are based on the supervision of skilled medical doctors, but it is still quite difficult to accomplish the modification, because only a small change of model shape frequently leads a completely different impression. To solve the problem, the modification of the models and the evaluation by medical doctors have been repeated many times. An example of final 3D models is shown in Figure 1 (e).
The modification of the models has been carried out considering the shapes of the models of adjacent Stages and the knowledge of deformation, so that the model sequence illustrate the features in the development of embryo. Figure 2 shows a part of the final 3D models, and the body surfaces of specimens of correspondent Stages. It is known that the angle between head and body trunk becomes larger in this developmental period shown here, but the feature is unclear in the sequence of the surfaces of specimens, from the influence of the variation of subject. On the other hand, the sequence of the final models clearly reflects the knowledge. 
Construction of the models of internal organs
The 3D model sequence of internal organs has constructed with the knowledge of medical doctors, and relocating into the models of body surface. Figure 3 shows an example of the models of internal organs.
CONSTRUCTION OF 3D MODELS OF INDIVIDUAL EMBRYOS
Purposes to construct the 3D models of individuals
In Chapter 3, the procedures to construct the standardized 3D models has been described. The purpose of constructing these models has been to illustrate the standard shapes and developmental deformation, and the variation by individuals has been eliminated. However, after acquiring the knowledge of the standard shapes, medical students must understand this variation, because actual specimens or patients are far from the standard models.
Registration of the models of internal organs to MR images
In this section, the procedure to construct the internal organs of a subject is described. The procedure is carried out by registering 3D initial models of internal organs to acquired MRM images from a subject. The initial models have been constructed by the procedure described in Chapter 3. The registration have been under the supervision of medical doctors. Figure 4 shows the procedure, and examples are shown in Figure 5 . As described above, MRM images do not have enough spacial resolution to illustrate internal organs. However, from MRM images, medical doctors can estimate the positions of organs using their knowledge, and the initial 3D models help the judgment. . Registered 3D models of internal organs to MRM images.
TEACHING MATERIALS USING STANDARDIZED 3D MODEL SEQUENCES
CG animation
CG animations to illustrate the development of embryo have been constructed from the standardized 3D model sequence. An animation illustrating the deformation of body surface is shown in Figure 6 . For the animation, 3D models of Stage 1 to 12 has been constructed from the knowledge of medical doctors. Using these models and the models described in chapter 3, the deformation in 8 weeks after fertilization has been illustrated continuously.
In the animation, the 3D models from Stage 1 to 12 are displayed from the viewpoints considering the easiness to understand the 3D structures. To the models between Stage 13 and 23, viewpoints are consistently lateral side, and the observed size of models are normalized by matching the positions of the roots of both upper and lower limbs, in order to clarify the deformation by the development The change of body size is displayed by typical value of the size and the ruler as additional information.
Since the 3D models of body surface can be utilized partly, animations of the transformation of head and limbs have also been constructed. These animations can illustrate the deformation of body parts that are originally difficult to be observed because of the occlusion by other parts.
About internal organs, an animation has been constructed using 3D models for Stage 13, 16, 19 and 23, which are the representative Stages to illustrate the development of the organs, shown in Figure 8 . Illustrated organs are nervous system, cardiovascular system, digestive system, urogenital system and respiratory system. Since the shapes of the internal organs are much more complicated than that of body surface, each of the 3D models has been rotated so that the model can be seen from all direction.
In addition to the animation, animations selectively illustrating the developments of heart and aortic arch have been constructed. The animation about heart is shown in Figure 9 . The developments of these organs are the most complicated procedures to illustrate, and the construction of these animations is quite useful for the education of embryology. 
VRML system
Recently, many researches and constructions of interactive teaching materials are in progress. In the field of embryology, there are several materials which are available on Internet [7] [8]. Since these materials are based on 2D drawings or photographs, we have been constructed an VRML system where 3D models of embryo can be manipulated.
VRML is a language to describe the properties of 3D models including shape or color, and to manipulate the models in computerized 3D space, on any type of computer. Operations like display from various viewpoints, translation and rotation can be carried out for the 3D models written in VRML, by VRML viewers which are widely distributed. Also, user interfaces to manipulate the 3D models can be constructed using VRML.
Figure 10 (a) shows the graphical user interface of our VRML system. Our system can display a 3D model selected from the models of body surface in Stage s13-23, with change in size, translation and rotation. The system can also illustrate the continuous change between two 3D models of different Stages.
Our system can also display the selected body parts with emphasis, by changing the transparency of the parts of the 3D models. In Figure 10 (b) , the left model shows the head, and the right shows limbs. Using this function, the user can observe these body parts from any viewpoints, without considering the occlusion by other parts. 
CONCLUSIONS AND FUTURE WORKS
For the purpose of effective education in embryology, we have construct accurate 3D model sequences to illustrate the developmental deformation of human embryo, using MRM images. We have also constructed teaching materials, CG animations and a interactive VRML system, using the 3D model sequences.
The CG animations described in this paper have already been used as teaching materials in the classes of embryology. The next step about the animations is the evaluation of effectiveness as teaching materials, and refinement of them.
About the VRML system, the evaluation of effectiveness as a teaching material is the next step. The functions and the user interface can be modified. Introducing the internal models to the system is another challenge.
Originally the purpose of VRML is to distribute and manipulate 3D models via Internet, thus our material can be used on network. However, in order to use the system on network without any feelings of difficulty, the problems must be solved in the interaction between the system and users via network. Most of the problems are caused by large data size of 3D models, and VRML format is not so good for model description with small data size. Recently, several commercial-based formats have been proposed [9] for the same purpose as VRML, so changing the format is one way to solve the problem.
In this article, we described the construction of the 3D models of internal organs for individual embryos. Body surfaces of individuals can be roughly observed by isosurfaces from MRM images, but 3D models of body surface should be constructed, as well as that of internal organs, to observe precise structures.
The next step is to construct the teaching materials to illustrate the difference depending on the individuals, using these 3D models. MRM images or other images from specimens can be utilized to the materials. At the construction of the materials, the most important point to be considered is the efficient way for students to comprehend the variation of shapes. Constructing teaching materials to illustrate the variation of shapes caused by congenital anomalies is another challenge, which might be the most important for utilizing the worth of our collection to medical education. 
